Patient-specific numerical simulation of the spine is a useful tool both in clinic and research. While geometrical personalization of the spine is no more an issue, thanks to recent technological advances, non-invasive personalization of soft tissue's mechanical properties remains a challenge. Ultrasound elastography is a relatively recent measurement technique allowing the evaluation of soft tissue's elastic modulus through the measurement of shear wave speed. The aim of this study was to determine the feasibility of elastographic measurements in intervertebral disc. An in vitro approach was chosen to test the hypothesis that shear wave speed can be used to evaluate intervertebral disc mechanical properties and to assess measurement repeatability. In total, 11 oxtail intervertebral discs were tested in compression to determine their stiffness and apparent elastic modulus at rest and at 400 N. Elastographic measurements were performed in these two conditions and compared to these mechanical parameters. The protocol was repeated six times to determine elastographic measurement repeatability. Average shear wave speed over all samples was 5.3 6 1.0 m/s, with a repeatability of 7% at rest and 4.6% at 400 N; stiffness and apparent elastic modulus were 266.3 6 70.5 N/mm and 5.4 6 1.1 MPa at rest, respectively, while at 400 N they were 781.0 6 153.8 N/mm and 13.2 6 2.4 MPa, respectively. Correlations were found between elastographic measurements and intervertebral disc mechanical properties; these preliminary results are promising for further in vivo application.
Introduction
Numerical simulation of human spine or spinal segment mechanical behaviour is a useful tool in a number of applications, both in clinic and research. For instance, they allow planning of surgical procedures, 1-3 studying the aetiology, progression and effects of spinal deformities, 4, 5 intervertebral disc (IVD) degeneration [6] [7] [8] or crash injuries. 9 Patient-specific modelling is gaining more attention because of its potential role in improving diagnosis and optimizing treatments. 10 Developments in imaging modalities allow personalization of spine and ribcage geometrical properties. [11] [12] [13] [14] [15] However, material properties are usually assigned using previously measured values, often through in vitro testing. In vivo personalization of tissue mechanical properties remains a major challenge.
Soft tissues, and IVDs in particular, play an important role in the mechanical behaviour of the spine, especially in the presence of diseases that alter their properties. 16, 17 Spinal flexibility is often assessed by traction or bending tests before surgical treatment of scoliosis; 18, 19 this approach has been used to develop inverse methods to estimate intervertebral stiffness. [20] [21] [22] These methods, however, only provide the stiffness distribution along the spine, and they usually require the acquisition of several radiographic images that induce a radiation dose that has to be justified in clinical routine. More invasive measuring techniques are also being explored, 23 but they can only be applied during surgery. Direct and non-invasive measurement techniques to assess spine flexibility are still lacking, although preliminary results have been reported in IVD mechanical characterization with magnetic resonance imaging. [24] [25] [26] [27] Such non-invasive methods of mechanical characterization could also be relevant in vitro; mechanical testing is currently the gold standard to determine IVD material properties, but it usually relies on destructive testing, 28, 29 which necessarily alter the continuity of the tissues, or on inverse schemes based on finite element models. 30 Alternative methods could also be used to obtain local mechanical properties of single IVD when mechanical testing is not possible or practical, for instance, in instrumented functional units.
Ultrasound elastography has been a subject of research since the early 1990s, 31 but new quantitative real-time techniques have only recently been introduced in the clinical setting. 32 This non-invasive technique allows the evaluation of the tissue's elastic modulus through the measurement of shear wave speed (SWS) within the tissue; it has been successfully applied to assess several tissues, such as muscles, 33 breasts 32,34 and liver, 35, 36 while preliminary work is being performed on several other soft tissues. [37] [38] [39] Ultrasound elastography seems a good candidate to assess IVD mechanical properties in vivo; its use, however, has previously been limited to relatively large (with respect to shear wave wavelength) and homogeneous organs, while the IVD is small, non-homogeneous, anisotropic, and it is sandwiched between two bones (the vertebral bodies, which could cause artefacts due to wave interference or mode conversion). Therefore, the ability of SWS measurements to convey information on the tissue mechanical properties requires verification.
The feasibility of IVD mechanical characterization by elastography was explored in this study by evaluating SWS measurement repeatability in the IVD and by testing the hypothesis that SWS can be used to evaluate IVD mechanical properties.
Materials and methods

Samples
A bovine model was chosen to test the feasibility of IVD characterization by elastography. Eleven oxtails were included in this study; information on the animal's ages was not available. Stereoradiographic images (EOS system; EOS Imaging, Paris, France) of each oxtail were acquired ( Figure 1 ) before freezing in sealed bags. Intact oxtails were slowly thawed at room temperature the night before each test; samples were prepared by isolating the first, second or third caudal segments (two vertebrae and the interposed disc) and by removing the soft tissues of the dorsal aspect ( Figure 2 ). Soft tissues from the sample's ventral aspect were only partially removed in order to improve the acoustic contact for the elastographic measurements. The cranial and caudal endplates of the segment were then embedded in poly(methyl methacrylate) ( Figure  2 ), taking care that the vertebral bodies were aligned in order to minimize buckling during the subsequent compression tests. The samples were kept in sealed bags at room temperature between tests.
Protocol
Each sample was tested in compression to obtain its mechanical properties, as described below, which were than compared to elastographic measurements of the IVD. The whole protocol (mechanical testing and elastography) was repeated six times, with 30 min pauses, in order to evaluate measurement repeatability.
Mechanical tests
Samples were tested in compression (Instron 5566 with 5 kN load cell; Instron, Norwood, MA, USA): after applying a 20-N preload, four continuous cycles between 0 and 400 N were performed at constant displacement speed of 0.5 mm/min; force and displacement were recorded by the testing machine. The first three cycles served as sample preconditioning, as is usually performed in soft tissue testing; 40 preliminary tests showed that this number of cycles was sufficient to produce a repeatable mechanical response. The forcedisplacement curve of the fourth compression was approximated with a multilinear model composed of three line segments ( Figure 3 ), which were fitted to the data by minimizing the root mean square error. The slopes of the first and third segments approximate the sample's compressive stiffness at rest (K 0 ) and near the 400 N load (K 400 ), respectively ( Figure 3 ). Immediately after this fourth cycle, the sample was unloaded and loaded again at 400 N; the position was then held (thus inducing stress relaxation) during the acquisition of elastographic images.
Principle of elastographic measurements
Elastographic images were acquired using a commercial device (Aixplorer Ò ; SuperSonic Imagine, France). The ultrasonic probe (SuperLinear SL 15-4, 8 MHz central frequency) was placed transversally on the sample's ventral aspect, at the mid-height of the IVD (Figure 2 ).
The positioning was considered appropriate when the IVD lamellae were clearly visible in the ultrasonographic images (Figure 4 ). This device creates a Mach cone in the tissue by focusing ultrasound waves at different successive depths; 41 this generates a quasi-plane shear wave in the image plane (i.e. the transverse plane of the disc), propagating parallel to the lamellae with a polarization perpendicular to the lamellae. 42 The local displacements induced by this wave can be observed with ultrafast imaging, 43 allowing the evaluation of local SWS.
Image acquisition protocol
In total, 10 elastographic images were recorded before the mechanical test (immediately after the 20-N preload was applied) and 10 more during the stress relaxation (starting at 400 N compression). A region of interest (ROI) was selected in the annulus fibrosus ( Figure 4 ) offline (i.e. after the experiment) and semi-automatically tracked in each image using custom software. The average SWS in the sample at rest (SWS 0 ) and at 400 N (SWS 400 ) was estimated by averaging the mean SWS observed in each ROI (n = 10 in each condition).
The following relationship exists between SWS and the tissue's shear modulus (m): SWS = ffiffiffiffiffiffiffiffi ffi m=r p , where r is the tissue's mass density. Assuming a constant mass density of 1100 kg/m 3 , an average 'acoustic shear modulus' was calculated in the disc's transversal plane and in the direction parallel to the lamellae (m // ).
Geometrical and material properties
Cross-sectional area (CSA) and thickness of IVDs at rest were evaluated from stereoradiographs. Nine stereo-corresponding points were defined on the surfaces of inferior and superior vertebral endplates ( Figure 1 ). This allowed three-dimensional (3D) profiling of the endplate surfaces, which was used to evaluate the IVD CSA at rest (CSA 0 , the mean cross section of the two surfaces) and thickness at rest (L 0 , the mean point-to-surface distance between surfaces).
Axial strain in the IVD during the compression test was defined as e = DL/L 0 , where DL is the displacement as recorded by the testing machine. Instantaneous CSA was evaluated from the axial strain 44 as CSA = CSA 0 /(1 + e), with the hypothesis of material incompressibility (i.e. assuming Poisson's ratio of 0.5).
Apparent IVD elastic modulus at rest (E 0 ) was defined as E 0 = K 0 /CSA 0 3L 0 , while apparent IVD elastic modulus under 400 N compression was defined as E 400 = K 400 /CSA 400 3L 400 , where CSA 400 and L 400 are the average instantaneous CSA and length, respectively, observed in the third segment of the multilinear approximation ( Figure 3 ).
Statistics
Repeatability of SWS measurements was assessed according to ISO 5725, while inter-test reliability was evaluated with the intraclass correlation coefficient (ICC); an ICC greater than 0.75 was considered to signify good agreement. 45 Bland-Altman plots were used to present the limits of agreement. Correlations were analysed with Spearman's rank correlation coefficient, while differences were analysed with Wilcoxon signedrank tests; significance was set at 0.05.
Results
Out of 66 tests (11 samples 3 6 tests), 5 tests had to be discarded because of artefacts in the elastographic images. The multilinear model provided a good approximation to the loading curves, yielding an average root mean square error of 2.2 6 0.7 N. Values of K, E and SWS are given in Table 1 . K 0 and E 0 were significantly lower than K 400 and E 400 , respectively. SWS 0 was significantly lower than SWS 400 in samples 2 and 11, while it was higher in sample 7 (p \ 0.05). The global averages of SWS were the same at rest and at 400 N (5. Correlations between SWS and mechanical properties are reported in Table 2 ; the strongest correlations were between SWS 400 and K 400 ( Figure 6 ; Spearman's rho = 0.63, p \ 0.05) and between SWS 0 and both K 400 (Figure 7 ; Spearman's rho = 0.64, p \ 0.05) and E 400 (Spearman's rho = 0.7, p \ 0.05).
Discussion
Personalization of tissue mechanical properties through non-invasive means is a challenge. This study explored, for the first time, the feasibility of IVD mechanical characterization by ultrasound elastography; an in vitro approach was chosen to assess the reliability of elastography when applied to this tissue.
The acoustic shear modulus of the bovine tail disc annulus fibrosus was evaluated to be 31.9 6 10.0 kPa. Mass density was assumed to be known and constant to obtain this value; this property, however, might change with disc compression and it might not be homogeneous in the annulus. Still, this acoustic shear modulus is similar to the shear modulus measured by mechanical testing in unloaded human annulus fibrosus (32.12 6 18.4 kPa). 46 Elastography is thus a direct measure of the tissue shear modulus, although values in the literature are often reported in terms of elastic modulus, which is approximated as E ' 3 m with the explicit hypothesis of tissue incompressibility. This approximation is only valid in homogeneous isotropic tissues; more generally, transverse shear modulus, and a fortiori SWS, cannot be used to calculate longitudinal elastic modulus in anisotropic tissues. 42 The annulus fibrosus, where SWS was measured, is a composite material consisting of collagen fibres arranged in concentric lamellae, presenting fibres that run in the same direction within a given lamella but at different angles to those in adjacent lamellae. 47 This gives the annulus fibrosus a non-homogeneous anisotropic character, which does not allow the application of this approximation: therefore, only wave velocity values were reported in this study. Still, data showed correlations between SWS in the transverse plane and axial stiffness and apparent elastic modulus in loaded IVD ( Table 2) . SWS values were expected to increase with the load applied to the IVD since shear modulus generally increases in loaded soft tissues, 46 but the global average remained unchanged at 5.3 m/s, while SWS significantly increased in two samples and decreased in one (Table 1) . A thorough characterization of the IVD acoustic anisotropy should be performed in order to better understand how compressive loading affects the shear modulus in different planes (and different regions) of the disc. Shear modulus in the direction orthogonal to the lamellae (m ' ), for instance, can be evaluated by measuring the SWS in the direction perpendicular to the lamellae. This could not be done by placing the ROI laterally in the IVD, however, because ultrasound waves do not penetrate in this region which in fact appears hypoechogenic (Figure 4) ; this is due to the refraction of the waves off the disc's rounded surface and series of lamellae, which prevents imaging of shear wave propagation. A distinction should be made between the annulus elastic modulus, which is a material property, and the apparent IVD elastic modulus in axial compression which was measured by uniaxial mechanical testing in this work. The former can be evaluated by applying the approximation E ' 3 m to the previously defined acoustic shear modulus; this yields an elastic modulus for the annulus of 95.8 6 30.0 kPa. This is much lower than the average apparent elastic modulus that was measured by mechanical test (5.4 MPa in unloaded disc or 13.2 MPa in loaded disc; Table 1 ) because the latter depends on Figure 5 . Bland-Altman plots of shear wave speed measurements (a) at rest (SWS 0 ) and (b) at 400 N (SWS 400 ). Each symbol represents a sample, while the dashed lines are twice the measurement repeatability. Table 2 . Spearman's rank correlation coefficient between measured variables: intervertebral disc stiffness (K), apparent elastic modulus (E) and SWS. Figure 6 . Relationship between shear wave speed at 400 N (SWS 400 ) and intervertebral disc stiffness (K 400 ); pooled (black dots) and average values (circles, with error bars representing the standard deviations). The correlation was significant (Spearman's rho = 0.63, p \ 0.05). the homogenized structural modelling of the disc and is affected by the complex interaction between annulus fibrosus and nucleus pulposus in compression. Apparent material properties and stiffness values, however, are often used in mechanical models of the spine. 48, 49 More sophisticated mechanical models exist that account for the local and dynamic behaviour of the disc; they could be implemented in further studies to simulate shear wave propagation in the tissue and how it is affected by the mechanical compression. Race et al. 50 previously tested 16 oxtail IVDs loaded in compression to 0.9 MPa at 0.03 MPa/s loading rate, finding an average apparent elastic modulus of 11 MPa. This value is similar to the value of E 400 observed in this study (13.2 6 2.4 MPa), and the testing conditions are comparable as well: the maximal stress and loading rate adopted in this study can be evaluated at 1.0 MPa (400 N divided by the average CSA 400 ) and 0.02 MPa/s, respectively. The mechanical properties obtained in this work are of the same order of magnitude as those observed in human vertebrae; for instance, Campana 51 reported a maximal elastic modulus for L1-L2 human IVD of 9.1 MPa, and a maximal stiffness of 679 N/mm with a compression rate of 800 N/min (compared with a value of K 400 of 781.0 6 153.8 N/mm and a loading rate of about 390 N/min in this study, in which the displacement rate was imposed). O'Connell et al. 52 reported a stiffness of L1-L2 and L2-L3 segments of 1498 N/mm, but these authors performed much slower mechanical tests and to a higher maximal load than in this study (1 N/s up to 2000 N, vs a loading rate of about 6.5 N/s in this study).
The lack of correlation between unloaded IVD mechanical properties (E 0 ) and SWS 0 is probably due to the fact that the latter is measured in the annulus fibrosus (Figure 4 ), while the former are apparent properties of the whole disc. It has been previously demonstrated by progressive denucleation of the disc that the mechanical role of the nucleus pulposus is more pronounced in the low force range, 53, 54 while the stiffness is minimally affected by denucleation at higher loads. SWS was measured in the annulus fibrosus and compared to mechanical parameters (K 0 and E 0 ) which were dominated by the behaviour of the nucleus pulposus, hence the lack of correlation. Conversely, K 400 and E 400 were dominated by the mechanical behaviour of the annulus fibrosus, and their correlation with SWS was significant.
Because of its viscoelastic character, 30 min pauses were necessary to allow recovery of the IVD properties between tests. Van der Veen et al. 55 showed that much longer recovery time was necessary for the disc to attain the initial mechanical properties, but those authors subjected the IVD to 20 N load during recovery, in order to simulate physiological conditions. Discs were left unloaded during recovery in this work, and preliminary tests showed that 30 min were sufficient to recover the disc's initial stiffness. These pauses might have caused dehydration of the samples, which can affect the IVD mechanical properties, 50 although samples were kept in sealed bags during these pauses. Nevertheless, the sample's mechanical properties and SWS values did not drift over time, thus suggesting that dehydration did not significantly affect the tests and confirming that 30 min were enough for the IVD to recover. The repeatability of mechanical tests also confirms that samples were not damaged by the relatively large imposed displacements (11% global average maximal strain).
Elastographic measurements were performed during stress relaxation, starting at 400 N. The measurements lasted between 10 and 20 s, and no clear drift in SWS was observed during this relaxation. The effects of viscoelasticity on SWS measurements could be evaluated with longer measurements during stress relaxation or creep.
Out of 66 tests, 5 tests were discarded because of artefacts that appeared in several elastographic images. These artefacts were often due the coccygeal artery, a large blood vessel that runs longitudinally in the ventral aspect of the oxtail, where the elastographic measurements were performed (Figure 4) ; the absence of blood might have allowed the presence of small air pouches in the empty artery or induced bad acoustic contact between the artery walls, thus affecting ultrasound propagation.
The repeatability of SWS measurements in unloaded and loaded IVD was evaluated to be 0.39 and 0.25 m/s, respectively, with an excellent test-retest agreement (ICC . 0.9). These values, corresponding to 7.0% and 4.6% of the average values, are much lower than the observed inter-specimen difference, which were in the range between 3.2 and 6.5 m/s, confirming that it is possible to discriminate between a stiff IVD in compression and a softer one. Previous reproducibility assessment on phantoms gave results in the same order of magnitude, 56 with a reproducibility of 0.82 kPa (corresponding to 0.5 m/s).
If the findings of this study on animal samples can be confirmed through future studies on human discs, shear wave elastography would be confirmed as a good candidate for non-invasive IVD mechanical characterization.
Conclusion
The aim of this work was to assess the feasibility of IVD characterization by elastography. SWS measurements were found to be repeatable and they were correlated to key mechanical parameters of the disc, such as compressive stiffness and apparent elastic modulus, especially in loaded disc. This measurement validation in an animal sample was a necessary step to open the way to in vivo SWS measurements for non-invasive characterization of human IVD.
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